The metabolic activities of gut bacteria play an important role in human health and disease (22) . The end products of bacterial fermentation are diet dependent, with acetate, propionate, and butyrate being major fermentation products that can provide up to 10% of the energy requirements of humans (35, 40) . Butyrate, in particular, is the preferred energy source for colonocytes (20, 46) and is considered to protect against colorectal disease (3, 39, 43, 53) . Lactate is also produced by many species of gut bacteria but does not normally accumulate in the colon. Furthermore, in fecal samples from healthy donors, lactate either is not detected or is present at low concentrations (Ͻ3 mmol liter Ϫ1 ) (15) , due to further metabolism within the colon. Lactate does accumulate in certain gut disorders, however, e.g., ulcerative colitis, where concentrations up to 100 mmol liter Ϫ1 lactate have been reported elsewhere (29, 51) . Colonic and fecal lactate concentration depends on the balance between bacterial production and host absorption plus microbial utilization. In farm animals it is well established that an imbalance can lead to lactic acidosis (1, 50) .
Low-mol%-GϩC gram-positive bacteria and the gram-negative Bacteroidetes are normally the most dominant bacterial groups present in the human colonic microbiota (16, 17, 25, 27, 32) . Many of these bacteria are capable of producing lactate as one of several fermentation products. Certain bacterial groups produce lactate as a major product, however, including highmol%-GϩC-content gram-positive Bifidobacterium spp. and lactic acid bacteria such as Lactobacillus and Enterococcus spp. (10) . The abundance of bifidobacteria is usually approximately 2 to 4% of total colonic bacteria but with much interindividual variation (15, 32) . Acetate, butyrate, and propionate are potential end products of lactate metabolism in the human colon (7, 13, 42) . Propionate-producing bacteria, which include Veillonella sp. and Megasphaera elsdenii, have been shown to utilize lactate, converting it mainly to propionate, in the gut of farm animals (9, 24) , and related species are assumed to have a similar role in the human large intestine (26, 49) . Recently, however, additional lactate-utilizing bacteria have also been identified and isolated from human feces that produce butyrate from lactate (13) ; these include Eubacterium hallii and Anaerostipes caccae, which form part of the low-mol%-GϩC grampositive bacterial population (23, 28) .
Environmental conditions are likely to have an impact on lactate metabolism and may influence the relative proportions of lactate producers and utilizers present. Studies with a continuous-flow fermentor have shown that pH alters the end products of fermentation and the abundance of bacterial populations (52) . The pH of the proximal colon has been reported to be mildly acidic in healthy subjects consuming nondigestible carbohydrates (8, 37) that are actively fermented, while stool samples from patients with active ulcerative colitis often have lower pH (44, 51) . Although many lactate-producing bacteria are considered to be tolerant of acidic pH (45) , less is known about the sensitivity of lactate utilizers. A differential response to pH between producers and utilizers would explain why lactate may accumulate in the colon in certain disease states.
The aim of this work, therefore, was to investigate both lactate formation from mixed dietary polysaccharides by fecal microbes at different pHs and the capacity for lactate removal by lactate-utilizing bacteria. To this end, lactate fluxes were quantified by use of stable isotopes and 16S rRNA-targeted fluorescent in situ hybridization (FISH) probes were employed to track the populations of potentially relevant groups of gut bacteria.
MATERIALS AND METHODS
Collection and preparation of fecal samples. Fecal samples were provided by four adult volunteers (two male and two female), aged 31 to 61 years and all consuming a Western-style diet. The volunteers (referred to as donors A, B, C, and D) did not take any antibiotics or drugs known to influence fecal microbiota for the last 6 months prior to the start of the studies. For the batch culture incubations a fecal slurry (20%) was prepared within 2 h of collection in anaerobic phosphate-buffered saline (0.14 M NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , and 0.05% cysteine HCl; pH 7.4) and 0.1 ml slurry was added to 9.0 ml medium under anaerobic conditions to give a final concentration of approximately 0.2%.
Batch culture incubations. Batch culture incubations were performed using an anaerobic medium based on the work of Macfarlane et al. (36) as modified by Walker et al. (52) . The carbohydrate sources present in the mixed substrate medium were potato starch (0.14%, wt/vol) in addition to xylan, pectin, amylopectin, and arabinogalactan each at 0.015% (wt/vol). Three different substrate conditions were studied: a mixture of carbohydrates (total of 0.2%, as described above), a mixture of carbohydrates plus DL-lactate (11 to 14 mmol liter Ϫ1 ), and DL-lactate alone (11 to 14 mmol liter Ϫ1 ). The total peptide concentrations (comprising equal amounts of casein hydrolysate and peptone water) were 0.2%. Bile salts were added at 0.005%, and the medium was buffered by the addition of 0.32% NaHCO 3 and reduced by the addition of 0.05% cysteine HCl. Short-chain fatty acids (SCFA) were also added to the medium to give initial concentrations of approximately 35 (41) . The medium was heat sterilized at 121°C (15 min). After the medium was cooled, heat-labile vitamins were added and the medium was inoculated with the fecal slurry under CO 2 and incubated at 37°C. Tubes were inoculated in duplicate, and samples were taken from the same tube at 0, 3, 6, and 24 h to measure SCFA and lactate concentrations and 13 C enrichments. This experiment was performed in media that had been adjusted to three (mean Ϯ standard deviation, 5.2 Ϯ 0.2, 5.9 Ϯ 0.2, and 6.4 Ϯ 0.2) different initial pH values.
Enumeration of bacteria in the fecal and batch culture samples by FISH analysis. Samples were taken from the feces (0.5 g) and the batch culture incubations (1 ml) after 24 h for FISH analysis. Fecal samples were diluted with phosphate buffer, and both diluted feces and incubation samples were fixed by being mixed 1:3 in 4% (wt/vol) paraformaldehyde at 4°C for 16 h and stored at Ϫ20°C. FISH analysis was performed as described by Harmsen et al. (23) . Diluted cell suspensions were applied to gelatin-coated slides. A total of 10 l of a 50-ng l Ϫ1 concentration of the oligonucleotide probes plus 100 l of hybridization buffer was added, and the slides were hybridized overnight. To prevent fading of fluorescence, 50 l of Vectashield (Vector Laboratories, Burlingame, CA) was applied to each slide. Cells were counted automatically using image analysis software (12) with a Leica DMRXA epifluorescence microscope, except when the number of cells was less than 10 per field of view, in which case the cells were counted manually. For each sample 25 microscopic fields were counted. The samples were all assessed with the following probes: Bac303 (38), Erec482 (19) , Bif164 (31), Prop853 (52), Ehal1469 (23) , and Acac194 (28) . Total bacterial numbers were estimated by using the universal probe Eub338 (2) .
Determination of concentrations and 13 C enrichments in SCFA and lactate. Duplicate derivatized samples were routinely prepared for estimation of concentrations of SCFA and lactate by capillary gas chromatography (GC) (47) . L-Lactate concentrations were analyzed enzymatically in those tubes containing the medium with the mixture of carbohydrates and incubated at pH 5.2. DLactate was then determined by the difference between total DL-lactate, determined by GC, and L-lactate concentrations. Lactate and SCFA enrichments and lactate concentrations, estimated by isotope dilution, were measured by GCmass spectrometry analysis of the tert-butyldimethylsilyl derivatives. Procedures were performed as described previously (5, 14) . The mass spectrometer was operated under electron impact ionization conditions. For acetate, the ions M ϩ , M ϩ 1, and M ϩ 2 at mass/charge ratios (m/z) of 117, 118, and 119, respectively, were monitored; for butyrate, M ϩ , M ϩ 1, M ϩ 2, and M ϩ 4 (i.e., m/z 145, 146, 147, and 149, respectively) were determined, the last to quantify butyrate formation from two [1,2- 13 C]acetate molecules; for propionate, M ϩ , M ϩ 1, M ϩ 2, and M ϩ 3 (i.e., m/z 131, 132, 133, and 134, respectively) were measured, while for lactate, M ϩ , M ϩ 1, and M ϩ 3 ion fragments were analyzed (m/z 261, 262, and 264, respectively). For the concentration determinations, appropriate corrections were applied for the enrichments in the sample.
Kinetic modeling of lactate metabolism. Let C and E denote the lactate concentration (mmol liter Ϫ1 ) and enrichment (MPE), respectively. Let i denote the interval between any two times t 0 and t 1 , and let Fl(i) denote the flow of labeled and unlabeled lactate during i. E(i) denotes the average enrichment during i. As the system was not in steady state, inflows (subscript "in") and outflows (subscript "out") to the lactate pool were calculated separately; therefore, at any time point inflows and outflows may differ.
Lactate formation (Fl in ) and utilization (Fl out ) are obtained from the changes in labeled and total (labeled plus unlabeled) lactate:
Occasionally, Fl in and Fl out were slightly negative, and here they were set equal to zero. Lactate utilization at 24 h was estimated assuming no lactate formation from 6 to 24 h.
Statistical analysis. SCFA data were averaged over duplicate tubes. Data were analyzed for each time point separately. The SCFA data and bacterial log counts were analyzed as two-way analysis of variance (ANOVA) with volunteer as random effect and substrate, pH, and their interaction as treatment effects. In order to compare treatment means, post-hoc t tests, based on the least significant difference, were performed.
In addition, linear relationships between the increase in bacterial counts of Eubacterium hallii and Anaerostipes caccae over 24 h and butyrate production and lactate utilization were investigated for data from pH 5.9 and 6.4 (at pH 5.2 there was little change in the abundances of E. hallii and A. caccae and lactate utilization was small or negligible, and so this pH was excluded from analyses). For butyrate production, data from all three substrate conditions were used, whereas for lactate utilization only the lactate and mixture of polysaccharides plus lactate substrates were used (as utilization was not measured for the polysaccharide mixture on its own). The effect of volunteer on intercept and slope was initially included as a fixed effect but was found not to be significant and was excluded from subsequent analyses. P Ͻ 0.05 was regarded as statistically significant. All data were analyzed using Genstat, 8th edition, release 8.1 (VSN International Ltd., Hemel Hempstead, Herts, United Kingdom).
RESULTS
Investigation of the effects of pH and carbohydrate supply on lactate metabolism in batch cultures. In vitro batch culture incubations were conducted following inoculation with fecal slurries from four different volunteers. For these experiments, parallel incubations were conducted with dietary polysaccharides (mainly potato starch) alone, with lactate alone, or with a combination of the two substrates (see Materials and Methods), and the effect of pH was studied by setting different initial pH values (5.2, 5.9, and 6.4) for the incubations. The pH remained stable in these incubations (difference between initial and final pH was Ͻ0.3), except when lactate was the only substrate present at pH 5.2, in which case pH increased (Յ0.6 units). L-[U- 13 C]lactate was added to the incubations containing lactate (with or without mixed polysaccharide) in order to track lactate metabolism.
The 24-h incubation at the lowest pH (5.2) resulted in similar metabolite concentrations for samples from all four volunteers when only the polysaccharide mixture was present in the medium (Table 1 ; Fig. 1 Fig. 1 ). At the two higher pHs, 5.9 and 6.4, when lactate was added together with the polysaccharide mix, butyrate concentrations at 24 h were further increased by 2.8-fold on average. Net propionate formation also increased with pH but was greater in the presence of lactate alone for the two higher pHs (P Ͻ 0.001; Table 1 ). Although the responses to the type of substrate and pH were similar for the volunteers, there were significant differences between volunteers for net acetate (P Ͻ 0.001), butyrate (P Ͻ 0.001), and propionate (P ϭ 0.014) concentrations.
Rates of lactate formation and utilization. Rates of lactate formation (Fl in ) and utilization (Fl out ) were estimated from the incubations with L-[U- 13 C]lactate (initial enrichment, 7.8 MPE) by examining 0-, 3-, 6-, and 24-h time points (Table 2) . Lactate formation could be estimated up to 6 h for all treatments regardless of the rate of lactate utilization. The rate of lactate production at 6 h from the incubations with the polysaccharide mix plus lactate was greater at pH 5.9 than at pH 5.2 or 6.4 (P Ͻ 0.001). Lactate production at pH 5.2 was similar (6.6 to 6.8 mmol liter Ϫ1 ) for all four volunteers after 24 h when both polysaccharides and lactate were present (Table 2) .
Incubations at the lowest pH (5.2) with the mixture of carbohydrates plus lactate resulted in low lactate consumption in samples from all volunteers (Ͻ0.7 mmol liter Ϫ1 ; Table 2 ). With lactate only, however, lactate disposal at 24 h varied more than 10-fold between volunteers (Table 2) . Nonetheless, at pH 5.9 and 6.4 all volunteers showed similar rates of utilization of lactate, with complete consumption within 24 h.
Metabolic fate of added DL-lactate. Proportions of lactate converted to acetate, butyrate, and propionate were estimated from the 13 C label appearing in the final products at 24 h (Table 3 ). In the presence of polysaccharides, lactate was predominantly converted to acetate and butyrate rather than propionate. In the absence of polysaccharides, however, more lactate was converted to propionate, especially at initial pH 6. lactate as the only carbon source, conversion to butyrate was low (Ͻ5%).
An increase in lactate enrichment (from 7.8 to 9.7 and 13.3 MPE) was observed in 24-h incubations when lactate was the only substrate at pH 5.2 in the batch culture medium inoculated with fecal slurries from the two volunteers (A and C) who showed higher rates of lactate utilization. Thus, lactate-utilizing bacteria appeared to preferentially convert unlabeled lactate.
Shifts in microbial populations monitored by FISH. FISH probes were used to follow changes in bacterial populations over the 24 h of incubation. Probes targeted to clostridial clusters IX and XIVa, Bacteroides spp., and Bifidobacterium spp. accounted for 77 to 87% of the bacteria present in the fecal inocula from the four volunteers. Total numbers of bacteria at 24 h, estimated with the Eub338 probe, increased when polysaccharides were present in the medium (P Ͻ 0.001), especially at pH 6.4 (P Ͻ 0.001; Table 4), while there was no increase at pH 5.2 when lactate was the only added carbon source. Bacteria belonging to clostridial clusters XIVa and XIVb, detected with the Erec482 probe, increased along with increasing initial pH, and these were greater at pH 6.4 and 5.9 than at 5.2 (P Ͻ 0.001; Table 4 ). On the other hand, Bacteroides numbers tended to decrease during incubation, except at pH 6.4, although final values were variable. Bacteria detected with the Prop853 probe (clostridial cluster IX) also declined at pH 5.9 and 5.2, while, in contrast, Bifidobacterium spp. increased sixfold or more in all incubations with added polysaccharides. At the lowest pH with polysaccharides, Bifidobacterium spp. be- came the dominant group, accounting in many cases for Ͼ50% of the total bacteria present following 24 h of incubation. Lactobacilli were detected in incubations at pH 5.2 and in the presence of the polysaccharide mix alone. Numbers were low (Ͻ10 7 /g) and represented less than 0.3% of total bacteria in incubations with fecal slurries from three volunteers, but for volunteer C the abundance was greater (5.8%).
Relationship between lactate utilization and bacterial groups. The initial populations of the Eubacterium hallii group (estimated with the Ehal1469 probe) were low and variable (0.04 to 0.31% of total bacteria). Nevertheless, the abundance of this bacterial group increased substantially during all incubations, especially at pH 5.9 and 6.4 (Table 4) , and more so when both carbohydrates and lactate were present (P ϭ 0.028; Fig. 2 ). Another related butyrate-producing, lactate-utilizing bacterium, Anaerostipes caccae (estimated with the Acac194 probe), was also present at low abundance in the fecal samples (Ͻ0.3%), and this showed a smaller increase during incubation. When the two lactate-utilizing bacterial groups were combined, a positive linear relationship was observed with lactate utilization at 6 and 24 h (77 and 69% of variance accounted for lactate utilization at 6 and 24 h, respectively; P Ͻ 0.001) at the higher pH values (5.9 and 6.4; Fig. 3 ). Lactate utilization was small or negligible at pH 5.2 (except on lactate alone), and these values were not included. Stimulation of E. hallii numbers following lactate addition, which was particularly evident at pH 5.9 and 6.4 in medium containing the polysaccharide mix, was accompanied by increased butyrate, while acetate decreased at pH 5.9 when both polysaccharides and lactate were present. Overall, a positive linear relationship was observed between butyrate production and the abundance of lactate-utilizing bacteria (with 44% of variance accounted for, P Ͻ 0.001).
FIG. 2. Change in log 10 counts per ml in bifidobacteria (Bif) and Eubacterium hallii (Ehal) groups, detected using the probes Bif164 and Ehal1469, in 24-h batch culture containing a mixture of polysaccharides (mix), lactate alone (lact), or the mixture of carbohydrates and lactate together (mixϩlact) and incubated at three different pHs: 5.2 (open bars), 5.9 (dotted bars), and 6.4 (striped bars). Data were analyzed as two-way ANOVA with random effect for volunteer and fixed effect for substrate, pH, and their interaction. Error bars indicate standard errors of the means obtained from ANOVA. NS, not significant; different letters indicate statistically significant differences (P Ͻ 0.05). TABLE 4. Counts (log 10 ) of total bacteria per ml (using the universal probe Eub338) and several bacterial groups (using the probes Bac303, Erec482, Bif164, Prop853, Ehal1469, and Acac194) at 0 (initial) and 24 h of incubation in batch cultures containing a mixture of carbohydrates, lactate, or both and inoculated with fecal slurries from four different volunteers 
DISCUSSION
The aim of this investigation was to establish the impact of nutritional and environmental factors (pH) on lactate metabolism by the bacterial communities found in the human colon. In the batch culture incubations employed, the set pH remained relatively stable over 24 h but the initial pH had a major effect on the fermentation products. A reduction in initial pH from 6.4 to 5.9 resulted in decreased production of propionate relative to butyrate, an effect previously reported in pH-controlled fermentor experiments (52) . In the current study, at the lowest pH of 5.2, which is within the range reported for human intestinal contents from colitis patients (44) and close to the values observed in healthy individuals (8, 44) , butyrate and propionate formation were nearly zero, although there was still acetate accumulation. Only at this low pH, however, was net lactate formation observed after 24 h.
Two explanations might account for the net lactate production at pH 5.2. First, there could be an increase in lactate production, associated with lactate-producing bacteria competing more successfully for the carbohydrate substrates. Second, a reduction in lactate utilization might also cause lactate accumulation. In terms of the first explanation, bifidobacteria can be important lactate producers in the colon (18) . In the presence of polysaccharides, bifidobacterial numbers increased here by at least sixfold, independently of pH, and represented 42 to 73% of total bacteria after 24 h of incubation at pH 5.2. Bifidobacteria can produce only L-lactate (30) , however, so the D-lactate detected at pH 5.2 must be due to activity of other lactate producers, including Lactobacillus spp., Faecalibacterium prausnitzii, and Bacteroides spp. (11, 34) . In addition, many other bacterial groups have the ability to produce lactate as one of their fermentation products under some nutritional conditions (4) . The kinetic measurements at 6 h showed that lactate production (Fl in ) occurred at all pHs investigated but was greatest at pH 5.9. Previous studies have shown that lactate production by bifidobacteria, in pure culture, is stimulated at a slightly acidic pH (5) .
As lactate formation was independent of pH, then the lack of net lactate accumulation at higher pHs (both 5.9 and 6.4) must be due to enhanced lactate utilization by other bacteria. This was confirmed by the stable-isotope studies, with lactate utilization (Fl out ) considerably greater at pH 5.9 or 6.4 than at pH 5.2. At pH 5.2, however, the rate of lactate utilization was less than the rate of production and hence accumulation occurred for all volunteers. Isotope 13 C fractionation was observed when lactate was the only substrate at pH 5.2, in agreement with previous observations for microbial metabolism (6, 33) . Lactate formation and utilization therefore may be underestimated due to this isotope effect. At the higher pH, however, both labeled and unlabeled lactate were fully metabolized after 24 h and so the overall general conclusions are still valid.
There are several possible routes for lactate utilization by gut bacteria, and studies with stable isotopes have indicated that butyrate and propionate are both formed from lactate in human fecal incubations (7, 42 ). In the current study, the dominant route of propionate formation was via the acrylate pathway, similar to that observed for organisms such as Megasphaera elsdenii, known to play an important role in the rumen (9) . Lower rates of synthesis were observed via the alternative randomizing pathway through succinate (21) . Lactate conversion to butyrate was probably via acetyl coenzyme A as described recently for bacteria related to E. hallii and A. caccae (5, 13) . Nutrient supply and pH, however, affected the metabolic fate of lactate. At pH 5.9 in the presence of polysaccharides, butyrate production dominated in all four donors, while at pH 6.4 significant conversion to propionate also occurred. In the absence of polysaccharides, lactate was converted to both propionate and butyrate, with propionate the major product at pH 6.4. This difference between the presence and absence of polysaccharides probably reflects the physiology and ecology of the different lactate utilizers. For example, E. hallii populations increased in all incubations, often by more than 100-fold, and are probably responsible for most of the butyrate formation from lactate (Fig. 3) . Which groups of bacteria were responsible for conversion to propionate is less clear but might involve a subpopulation of the clostridial cluster IX or XIVa groups.
Bacteroides and bacteria belonging to clostridial clusters XIVa and XIVb (estimated with the Erec482 probe) are usually the most abundant bacterial groups in both continuous fermentors (52) and fecal samples (15) . Numbers of Bacteroides increased in the absence of lactate only at pH 6.4, consistent with the previously observed sensitivity of human colonic Bacteroides to reduced pH (52) . The increase in numbers of bacteria comprising clostridial clusters XIVa and XIVb in incubations at pH 5.9 and 6.4 can be explained mainly by E. hallii proliferation. Interestingly, the population of bifidobacteria showed a significant increase here in the presence of polysaccharides for all three pH conditions. This contrasts with poor competitiveness in continuous-culture systems with the same polysaccharide substrates (52) and may reflect the capacity of the bifidobacteria for rapid rates of growth at the high nutrient availability during the early stage of batch culture incubation. Notably, lactate production is associated with rapid growth but relatively low growth efficiency (48) .
In summary, at pH 5.9 and 6.4 fecal bacteria rapidly utilized lactate produced from incubations that favored the growth of FIG. 3 . Relationship between final abundance of lactate-utilizing bacteria (Eubacterium hallii and Anaerostipes caccae groups, detected using Ehal1469 and Acac194 probes) and lactate utilization over 6 h in batch cultures inoculated with fecal slurries from four different volunteers and incubated for 24 h with lactate at two different pHs (5.9 and 6.4) and in the presence or absence of a mixture of carbohydrates. (Seventy-seven percent of variance was accounted for; P was Ͻ0.001 for effect of lactate utilization at 6 h, based on linear regression of bacterial count on lactate utilization.) VOL. 73, 2007 IMPACT OF pH ON LACTATE METABOLISM 6531 lactate-producing Bifidobacterium species. E. hallii-related bacteria appeared to play a major role in conversion of lactate to butyrate in the presence of fermentable polysaccharides, while production of propionate via the acrylate pathway by unknown species was also important in the absence of carbohydrates and the presence of lactate. The main conclusion from our work is that lactate accumulated at pH 5.2 because production was maintained but utilization was reduced markedly. Such differential pH sensitivity in production and utilization of lactate creates a potential for imbalance in net accumulation at low pH and could ultimately result in further lactate accumulation and in acidosis, which may be realized with certain gut disorders or dietary intakes and lead to adverse consequences. Further research is necessary to determine the relevance in vivo of lactate-utilizing butyrate-producing bacteria, such as E. hallii, and to devise possible therapies to prevent lactate accumulation in certain gut disorders.
